We report a 100 W continuous-wave cladding-pumped fiber Raman laser operating at 1120 nm. The fiber Raman laser consists of an 85 m long germanium-doped double-clad fiber in a 4% -100% linear cavity, which is end-pumped by a multimode ytterbium-doped fiber laser source at 1064 nm. The Raman laser has a slope efficiency of 71% with respect to launched pump power. The laser output M 2 is measured to be ~ 1.6 at 80 W of output power.
INTRODUCTION
In recent years, rare-earth doped silica fiber lasers have become a popular medium to generate very high-power laser source, in particular in the 1 μm range where up to 10 kW single-mode ytterbium-doped fiber (YDF) laser source has been reported [1] and up to 0.9 kW from Tm doped fiber [2] . The powers from other wavelengths are much lower typically between 10 to 100 W. An alternative to produce gain and power in optical fiber is to use nonlinear effect such as stimulated Raman scattering (SRS). SRS is wavelength agile, limited only by the transparency range of the fiber and the pump wavelength and power. In addition, SRS sources benefit from low quantum defect, in particular at shorter wavelengths making them extremely efficient and less prone to thermal failure. However, because these effects rely on strong optical intensities to take place, fibers with small core size are typically used in core pumped scheme, limiting the scope for power scaling. Therefore, no very high power Raman fiber laser (RFL) has been reported and little progress has been made to increase the output power of those until very recently. The highest reported power from a core-pumped RFL is now about150 W [3] . There are several challenges in power scaling core-pumped Raman fiber laser, mainly the power handling capacity of single-mode fiber and the careful adjustment of the fiber length to avoid spurious 2 nd order Stokes generation in the laser cavity. It is possible to increase the core size of the fiber within the limits of single mode operation to alleviate these constraints but it still requires single mode pump source.
In the past, we have proposed [4] and demonstrated in continuous-wave (cw) [5] and pulsed regime [4, [6] [7] [8] , a radically different approach for Raman fiber laser sources based on cladding pumping of well designed double-clad fiber [8] . In this approach, a low-brightness pump which is propagating in a passive double-clad fiber is converted through SRS into the diffraction-limited core mode at the Stokes wavelength. In multimode fiber structure, the transverse SRS gain distribution follow pump power distribution. Thus using a single mode core, it is possible to select or preferentially excite the core mode that is ideally diffraction limited. This is similar to the operation of rare-earth doped fiber in the sense that brightness enhancement occurs in the fiber. Previously, we reported a 10 W single mode output cladding-pumped Raman fiber laser at 1660 nm [5] . Here, for the first time we present a high power cladding-pumped Raman fiber laser at 1120 nm with 100 W of output power representing a 10 fold improvement. We also show that cladding pumped Raman fiber devices can as efficient as core pumped while being brightness enhancers. 
DESIGN RULE OF DOUBLE-CLAD RAMAN FIBER
In some previous work we have explicated some basic Raman fiber design rules in order to obtain efficient operation [8] . We briefly reiterate those for clarity.
The efficient operation of a Raman fiber laser can only be obtained by balancing the pump depletion into the 1 st Stokes and the absence of generation of any higher Stokes orders. In the case of a double-clad fiber, where the pump is uniformly distributed the nonlinear depletion of the pump, ζ 0 induced by the 1 st Stokes is given by: A is given by:
By combining (1) and (2), we obtained the following relation:
. 8 that constraints the dimensions of the core with respect to the cladding and vice versa. When larger claddings are used, the pump to Stokes conversion efficiency degrades because of the generation of higher-order Stokes.
DOUBLE-CLAD RAMAN FIBER
Based on (3), a double-clad Raman fiber (DCRF) was designed and fabricated at the Optoelectronic Research Centre using a standard modified chemical vapour deposition process. The DCRF is an all-glass fiber formed by a pure-silica outer-cladding and a germanosilicate inner-cladding and a germanosilicate core. The core is defined as the section with raised refractive index (with respect to the inner-cladding) of the fiber as shown in figure 1. Here, the core is formed by increasing the germanium concentration. The inner cladding has a diameter of 21.6 µm and an NA of 0.22 with respect to the outer cladding. The core has a diameter of 9 µm and an average NA of 0.14 relative to the inner cladding. The outer cladding has an outside diameter comparable in size to that of a standard SMF fiber. The core has an estimated cutoff wavelength of 1630 nm thus it is slightly multimoded at 1120 nm where we are operating. The measured refractive index profile of the fiber preform is shown in figure 2 . A central dip is present in the fiber refractive index profile due to the evaporation of germanium during the preform collapse. The dip modifies the shape of the fundamental mode at the Stokes wavelength, but it does not affect the working principle of the Raman amplification process. We also calculated the fundamental mode of the core at 1120 nm where the fiber is operated. In figure 3 we show the LP 01 mode intensity distribution. As a results of the central dip, we estimated that the fundamental mode as an M 2 =1.37. 
LASER SET-UP
Our set-up consists of a pump laser source and a Raman fiber laser. Figure 4 shows the set-up and the configuration of the Raman laser. The Raman pump laser is an ytterbium-doped fiber amplifier at 1064 nm delivering over 150 W of pump power with a multimode output beam with a M 2 ~ 2. The pump light is launched into a free-space high-power isolator to isolate the YDF from any reflections originating in the Raman laser. The Raman fiber laser consists of an 85 m long germanium-doped double-clad Raman fiber (DCRF) in a linear cavity. The pump light is launched through a flat-cleaved end face of the Raman fiber. This forms the output coupler of the Raman laser cavity, using the 4% Fresnel reflection. The pump through that is not converted into Stokes power is removed by a dichroic mirror (M2) after the length of fiber. Furthermore, we added an additional mirror (M3) to remove any 2 nd order Stokes light from the laser cavity. Finally, a highly reflective (HR) mirror at the lasing wavelength completes the laser cavity. The laser light exits through a mirror (M1) that separates the pump and Stokes wavelength. 
RESULTS
The laser output power and pump throughput are showed in figure 5 . For 160 W of launched pump power, we obtained 100 W at the lasing wavelength of 1120 nm. The laser slope efficiency is 71% with respect to launched pump power. This is comparable to typical ytterbium fiber laser. Considering the pump through that is not converted we obtain a slope efficiency of 80% which is lower than the quantum defect. We attribute that to various losses in the HR end of the laser cavity. This is confirmed by operating the same fiber in a 4% -4% laser cavity (fiber length 75 m) to 100 W with an efficiency of 86% vs. launched pump power and 91% with respect to. absorbed pump power as shown in figure 6 . Note that in this configuration the limits was the 2 nd order Stokes generation as illustration in figure 6 -b. Whereas, in figure 5 we observe that the output power is limited and this is attributed to thermal lensing in the free-space isolator which degrades the beam quality and modifies the launch efficiency. We did not observe any 2 nd Stokes generation in the laser thanks to the intracavity dichroic as shown in the output spectra at 100W power in figure 7 . Furthermore, we have measured the output beam quality at various output power. At lower output power the laser M 2 is ~1.35. This is to be compared the theoretical value for 1.37 for the LP 01 mode at this wavelength for this fiber refractive index profile. Then, with the increased output power, we observe a slight degradation of the beam quality, with a M 2 of ~ 1.6 at 80 W output. Since in your laser cavity we do not have any spatial mode filtering, lasing can occur for some higher-order modes. Nonetheless, the beam quality is perfectly acceptable for many applications, and filtering can be easily implemented. 
Position [mm]

CONCLUSIONS
We have demonstrated for the first time a high power cladding-pumped Raman fiber laser with 100 W output power at 1120 nm. Although the output beam is not diffraction limited (M 2 ~ 1.65) because of the fiber refractive index profile, we believe that using double-clad fiber structure for Raman amplification and lasers, even higher powers with diffraction limited output beam will be reached and demonstrated in the very near future. This approach potentially offers a route to extremely high power fiber laser source, limited only by the material damage of core.
